We have isolated three cDNA clones (TEDP, TED3, and TED4) for genes expressed preferentially in cells that redifferentiate into tracheary elements from mesophyll cells isolated from leaves of Zinnia elegans. Sequence analyses of TED clones revealed that TEDP encodes a hydrophobic polypeptide with a significant similarity to the guinea pig lens-specific protein (&-crystallin) and that the deduced polypeptide of TED3 may be a novel cell wall protein. In situ hybridization of the TED probes with young Zinnia seedlings showed that expression of the three TED genes was restricted to vascular cells and regulated in a temporal and spatial manner during vascular development. TED3 transcripts were localized specifically to a few cells that are to differentiate orare differentiating into tracheary elements in all organs examined. TED4 transcripts were present mainly in the immature primary xylem both of cotyledons and of the boundary regiori between the root and hypocotyl and in the procambium of roots. In contrast, TEDP transcripts accumulated not only in immature primary xylem cells but also in immature phloem cells both in roots and in the boundary region between the root and hypocotyl. In addition, TEDP transcripts were expressed in the procambium cells of roots. In cotyledons, TEDP transcrlpts did not accumulate in xylem or phloem cells but only in two regions that might form a new vein just outside the phloem of the main leaf vein. Taken together, our findings indicate that TEDP, TED3, and TED4 can be novel and efficient markers for development of the vascular system.
INTRODUCTION
In higher plants, differentiated mature cells have the potential to redifferentiate into other types of cells, tissues, organs, and whole plants in vitro. However, studies on the mechanism of redifferentiation at the molecular leve1 are not sufficient. Cytodifferentiation occurring in individual cells is the first step of such redifferentiation. Differentiation of parenchyma cells into tracheary elements (TEs) that are the constituents of the vessels and tracheids has been considered to be an excellent model for cytodifferentiation in higher plants. In situ, TEs are differentiated from cells of the procambium of the root and shoot in the primary xylem or from cells produced by the vascular cambium in the secondary xylem (Aloni, 1987; Roberts et al., 1988) . In vitro, TEs can be induced from various types of cells by wound stress and phytohormones (Fukuda, 1992) . TEs are characterized by the formation of a secondary wall with annular, spiral, reticulate, or pitted wall thickenings. At maturity, differentiating TEs lose their nuclei and cell contents, forming a hollow tubular system. This autolytic process is a typical process of programmed cell death.
Analysis of the molecular mechanism of TE differentiation has focused on structural proteins and enzymes related to secondary cell wall development or autolysis (Fukuda, 1992;  To whom correspondence should be addressed. Fukuda et al., 1993) . Enzymes involved in the biosynthesis of lignin, including phenylalanine ammonia-lyase (PAL) and 4-coumarate:CoA ligase (4CL), give important information on the regulation of gene expression during xylem differentiation (Bevan et al., 1989; Liang et al., 1989; Lin and Northcote, 1990; Hauffe et al., 1991; Leyva et al., 1992) . Comparison of the promoter regions of these genes suggests a consensus sequence that may be responsible for specific expression in xylem cells (Hauffe et al., 1991) . Some genes for cell wall structural proteins, such as hydroxyproline-rich glycoproteins (HRGPs), glycine-rich proteins (GRPs), and proline-rich proteins (PRPs), are also shown to be expressed in xylem tissues and/or xylem vessel cells (Keller et al., 1989; Showalter, 1993) . Deletion analysis of a bean GRP1.8 promoter revealed a putative negative regulatory element that, when deleted, results in the expression of the gene in cell types other than vascular cells (Keller and Baumgartner, 1991) . Further analysis of genes for GRPs and lignin-related enzymes should offer invaluable information on gene regulation during xylem differentiation.
The expression of genes for GRPs and lignin-related enzymes, however, is also induced in tissues other than vascular tissues (Liang et al., 1989) and/or by environmental stimuli, which are independent of differentiation (Keller et al., 1989) , making the molecular analysis of gene expression complicated.
In addition, almost all of the molecular markers for vascular differentiation that have been isolated thus far, including genes for GRPs and lignin-related enzymes, are expressed in the later stages of TE differentiation that are associated mainly with the secondary wall formation. Therefore, to investigate TE differentiation more completely by molecular biological techniques, in particular the mechanism of cytodifferentiation of parenchyma cells into TEs, it is necessary to obtain various genes that are expressed specifically for differentiating cells and that occur at an earlier stage of differentiation. The use of these genes as molecular markers will enable the whole process of cytodifferentiation to be followed. Fukuda and Komamine (1980) established an experimental system in which single mesophyll cells isolated mechanically from Zinnia leaves differentiate directly into TEs without intervening cell division. The Zinnia system is considered an efficient experimental system for the study of cytodifferentiation for the following reasons. First, the isolated cells are composed of very homogeneous single mesophyll cells that have never been committed to TE differentiation. Second, control of differentiation can be performed by an exogenous supply of phytohormones and other chemicals into a culture medium. Third, differentiation occurs synchronously and at a high frequency (Fukuda, 1989) . Recent studies of TE differentiation at the cellular leve1 using the Zinnia system have indicated severa1 sequences of events that occur during cytodifferentiation (Fukuda and Komamine, 1982; Burgess and Linstead, 1984; Falconer and Seagull, 1985; Fukuda, 1987; Kobayashi et al., 1987; Thelen and Northcote, 1989; Roberts and Haigler, 1990; Sato et al., 1993) . The process of TE differentiation in Zinnia cells involves early events related mainly to dedifferentiation, late events related to TE formation, specifically to secondary wall formation and autolysis, and intermediate events related to changes from the early to the late process (Fukuda, 1994) . This in vitro system offers advantages for the isolation of genes that are expressed specifically in the earlier process of cytodifferentiation into TEs.
Recently, we succeeded in isolating cDNA clones TED2, TED3, and TED4 by differential screening of a cDNA library from differentiating Zinnia cells . The corresponding genes to these cDNAs were shown to be expressed preferentially at earlier stages of differentiation, and TED4 was found to be similar to the barley aleurone-specific clone B11E (Jakobsen et al., 1989; Demura and Fukuda, 1993) . Ye and Varner (1993) also reported that transcripts for a TED4-like clone are expressed in association with TE differentiation in Zinnia cells. However, there were no sequence dataforTED2 and TED3. In addition, we did not know whether the expression of the genes encoding TED2, TED3, and TED4 isolated from cultured cells were regulated temporally and spatially during vascular differentiation in intact plants.
In this study, we show that TED2 encodes a novel hydrophobic polypeptide similar to &-crystallin protein in guinea pig lens and that TED3 encodes a novel hydrophilic protein that possesses 15 repeats of Asp-GlyTyr. In addition, we show localization of TED transcripts within intact Zinnia plants by in situ hybridization with antisense RNAs for TED2, TED3, and TED4. The data indicate not only that the expression of each TED gene is specific for vascular differentiation in situ but also that each gene is regulated to be expressed differently in the sequence from meristematic cells to TEs. DNA bases and three-letter amino acid codes are numbered at the right. Asterisks indicate the putative stop codon. The nucleotide and deduced amino acid sequences have been submitted to DDBJ as accession nurnber D30800. Amino acid sequences are shown using the single-letter code and are numbered at the left. Vertical bars indicate identical amino acids, and dots indicate biochemically similar amino acids. Gaps introduced to maximize alignment are indicated by dashes.
RESULTS

Nucleotide Sequences of TED2 and TED3
at nucleotide 58. Nucleotides in the vicinity of the start codon fit the consensus plant initiation sequence (Kozak, 1984) . In the 3' untranslated region, the putative polyadenylation sequence "AATAA" is found 20 nucleotides upstream of the poly(A) tail. The deduced polypeptide sequence consists of 325 amino acids, with an estimated molecular weight of 35.1 kD. It is rich in hydrophobic residues (56.3%), including 40 Val(12.3%), 32 Ala (9.85%), and 30 Gly (9.23%).
A search of the EMBL and NBRF data bases indicated that the nucleotide sequence of TED2 and its deduced polypeptide sequence have a significant homology with that of 6-crystallin from the guinea pig lens (Rodokanaki et al., 1989) . Alignment of amino acid sequences of deduced TED2 polypeptide and 6-crystallin protein is shown in Figure 2 . Limited regions of the TED2 polypeptide are also similar to several alcohol dehydrogenases (ADHs) (Figure 3) .
The nucleotide sequence of TED3 is shown in Figure 4 (Figure 4 , double-underlined amino acids). At an N terminus, this deduced polypeptide contains acluster of hydrophobic and nonpolar amino acids that resemble signal sequences in various secreted eukaryotic proteins (von Heijne, 1983) .
No protein was found to be homologous to the deduced polypeptide sequence of TED3. However, a similarity within limited regions of the protein sequences was found between the TED3 polypeptide and several GRPs, including barley GRP (Rohde et al., 1990) , red goosefoot GRP (Kaldenhoff and Richter, 1989) , maize glycine-rich RNA binding proteins (Cr6tin and PuigdomBnech, 1990) , and bean GRP (Keller et al., 1988) . These regions are capable of forming a p-pleated sheet with interspersed tyrosine residues, which may play an important role in anchoring GRPs in the cell wall (Keller et al., 1988; Rohde et al., 1990) . The similarity between TED3 and GRPs was observed in the regions with the tyrosine residues ( Figure 5 ). The TED3 polypeptide may be a protein located in cell walls that is anchored by its tyrosine residues.
Vascular Development in Young Zinnia Seedlings
The localization of TED transcripts in situ was investigated by examining organized cells in sections of 2-day-old Zinnia seedlings. Figure 6 shows the vascular structure in a Zinnia seedling based on a number of sections stained with phloroglucinol or toluidine blue, including those used for in situ hybridization experiments. Cells were uniform in the section taken from near TED2 ze ta-crysta I li n ADH human class I 1 ADH quail ADH frog ADH human class 111 ADH horse class 111 ADH rat class 111 ADH white clover ADH pea ADH strawberry A part of the predicted TED2 polypeptide residues 58 to 86 is aligned with C,-crystallin protein and several enzymes of the ADH family, including human class II ADH (Hoog et al., 1987) , quail ADH (Kaiser et al., 1990) , frog ADH (Cederlund et al., 1991) , human class 111 ADH (Kaiser et al., 1988; Sharma et al., 1989) , horse class 111 ADH (Kaiser et al., 1989) , rat class 111 ADH (Julia et al., 1988) , white clover ADHl (Ellison et al., 1990) , pea ADHl (Llewellyn et al., 1987) , and strawberry ADH (Wolyn and Jelenkovic, 1990) . Amino acid sequences are shown using the single-letter code. Dots indicate amino acids that are identical to those of TED2 polypeptide. the root cap ( Figure 6 , the root cap section, and Figure 7A ). The central stele of the procambium was clearly observed in the section 0.5 mm from the root tip ( Figure 6 , the 0.5-mm section, and Figure 78 ). In the sections 4 mm from the root tip, there was a tetrarch structure with a cross-shaped immature primary xylem, between which the immature primary phloem was present ( Figure 6 , the 1-mm section, and Figure 7C ).
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In these sections, no mature vessel or sieve tube was observed. Vessel formation occurred at four edges of the immature primary xylem in sections farther from the root tip. A part of the predicted TED3 polypeptide is aligned with severa1 GRPs. (A) Barley GRP (Rohde et al., 1990) .
(e) Red goosefoot GRP (Kaldenhoff and Richter, 1989 ).
(C) Maize glycine-rich RNA binding protein 1 (CrBtin and Puigdombnech, 1990) . (D) Bean GRPl.8 (Keller et al., 1988) . Amino acid sequences are shown using the single-letter code and are numbered at the left. Vertical bars indicate identical amino acids, and dots indicate biochemically similar amino acids. Gaps introduced to optimize alignment are indicated by dashes. A longitudinal section and cross-sections obtained at several points (root cap, 0.5-, i-, 4; 6" portion, and cotyledon) of a 2-day-old Zinnia seedling are illustrated on the right and the left of the diagram, respectively.
sections (Figures 8A and 86) . No mature vessels could be detected in these vascular bundles (Figure 9 ). In the upper part of the hypocotyl, vessel formation occurred in two small regions of the immature xylem. In sections from cotyledons, a main leaf vein and some lateral veins were present ( Figure 6 , the cotyledon sections, and Figure 1OA ). The main leaf vein contained the xylem with mature vessels that were stained with toluidine blue and the phloem consisting of small cells ( Figures  106, lOD, lOF, and 10H ).
In Situ Hybridization
We utilized in situ hybridization with 35S-labeled singlestranded antisense RNA probes to localize TED transcripts within the Zinnia intact plant. Seria1 sections were obtained at several points (root cap, 0.5; 1-, 4 ; and 6-mm portion, and cotyledons). Each of the sections was hybridized with sense or antisense probes of TED2, TED3, or TED4. Using sense probes of the TED2 to TED4, no hybridization signal above background was detected in all sections examined (data not shown).
Localization of TED Transcripts in Roots
Using the antisense probe of TED2, no hybridization signal above background levels was detectable in the root cap section ( Figure 7D ), but the signal was distributed almost all over the procambium in the 0.5-mm section ( Figures 7E and 11) . In the 1-mm section, the signal formed a square ring shape as a result of the expression in the four immature phloem areas ( Figure 7F , arrowheads, and Figure 11 ) and cells outside immature xylem sites ( Figure 7F , arrows, and Figure 11 ).
TED3 transcripts were not detected in the root cap section ( Figure 7G ). In the 0.5-mm section, the accumulation of TED3
transcripts was restricted to two small regions within the procambium ( Figures 7H and 11 ). In the 1-mm section, TED3
transcripts were localized to four edge regions of a crossshaped immature xylem tissue, where the first protoxylem vessels will differentiate (Figures 71 and 11 ). An antisense probe of TED4 gave no hybridization signal above background levels within the section from the root cap ( Figure 7J ). In the 0.5-mm section, it revealed an intense signa1 all over the procambium except where TED3 transcripts were located ( Figures 7K and 11) . This was also observed in the 1-mm section, that is, the transcripts accumulated in the immature phloem and in a central region of the immature xylem ( Figures 7L and 11) .
Localization of TED Transcrlpts in the Boundary
Region between Root and Hypocotyl
In the boundary region between the root and hypocotyl, TED2 transcripts accumulated in both the immature phloem and xylem regions but not in the immature cambial region ( Figures  8C and 8D) . The signal appeared to be more abundant in the immature phloem than in the immature xylem in the 6 " section ( Figure 8D ). The abundant signal in the immature phloem was the result of expression in the relatively large parenchyma cells located in the most outside region of the immature phloem ( Figures 9A and 96) . In contrast, the signal was below the background leve1 in the areas around the mature vessels ascending from the root ( Figures 8C, 8D, 9A, and 98) .
The signal of TED3 transcripts was limited to some small regions in the immature xylem in the 4-and 6-mm sections ( Figures 8E and 8F ). Micrographs at a higher magnification revealed that TED3 transcripts were concentrated at two spots composed of one or two cells within the immature xylem of a vascular bundle in the 6 " sections ( Figures 9C and 9D ). Shaded regions represent localization of TEDP, TED3, and TED4 transcripts. x, immature xylem; p, immature phloem.
The spots were coincident with the location where new vessels would be formed.
In the boundary region, TED4 transcripts accumulated mainly in the immature xylem and weakly in the immature phloem ( Figures 8G and 8H) . A higher magnification view of the 6-mm section showed that TED4 transcripts were located mainly in one or two layers of the immature xylem cells including the cells in which TED3 transcripts were rich ( Figures 9E  and 9F ).
Localization of TED Transcripts in Cotyledons
Examination of sections of young cotyledons showed that no TEDP transcript was present within the xylem or the phloem in a main vein, but the transcripts were detected in two limited sites composed of severa1 cells outside the phloem from which a new vein might originate (Figures 106, lOC, and 10D ). In the sections, TEDB transcripts were present only in the cells 10-cated next to mature vessels of the main vein (Figures 10E and 1 0 5 and the lateral veins (data not shown). TED4 transcripts were also located in the xylem cells in main veins (Figures 10G and 10H) . Their localization was similar to that of TED3 transcripts except that TED4 transcripts were distributed a little farther from mature vessels (compare Figures   10E and 10G ). The level of TED4 transcripts within the phloem was not above that of the background in the section.
Localization of the TED transcripts in young Zinnia seedlings is summarized in Table 1 . Expression of the TED2 gene was restricted to procambial, immaturexylem, and phloem cells and to cells in two limited sites outside the phloem of the cotyledons from which a new vein might originate. TED3 transcripts were expressed specifically in cells that were to differentiate or were differentiating into TEs in all organs examined. TED4 transcripts were located mainly in immature and developing xylem cells and weakly in immature phloem cells.
Expression Pattern of TED Transcripts during Culture
To elucidate the order of the expression of TED2, TED3, and TED4 genes during in vitro differentiation, we reexamined in detail changes in the amounts of TED transcripts during culture of Zinnia cells (Figure 12 ). TED2 transcripts were weakly expressed after 24 hr of culture and increased rapidly thereafter. After 36 hr of culture, TED2 expression was nearly at the maximum level. The expression of TED3 was first observed after 36 hr of culture. Its level was at a maximum after 60 hr of culture. The TED4 gene was also expressed after 36 hr of culture, but the peak expression was observed after 48 hr of culture, 12 hr prior to the peak TED3 expression. Reorganization of actin filaments and microtubules specific for TE differentiation started at ~4 8 hr of culture. lmmediately after the reorganization, visible secondary walls began to form, and thereafter the number of TEs increased and reached a maximum after 72 hr of culture. The TED transcripts are expressed in the order of TED2, TED4, and TEDB much earlier than morphological changes in the TE-induced culture.
DlSCUSSlON
Using the in vitro culture system of Zinnia mesophyll cells, we identified three different cDNA clones whose corresponding mRNAs are expressed preferentially in cells differentiating into TEs prior to morphological changes, such as secondary wall formation and.autolysis . Characterization of TED clones described in this study revealed that TEDP and TED3 encode unique proteins and that the accumulation of TED2, TED3, and TED4 transcripts is under temporal and spatial regulation coupled with vascular cell differentiation. The results indicate that these clones are novel, efficient molecular markers for the study of the earlier stages of vascular differentiation.
TEDP Sequence
The TED2 sequence revealed a significant homology with I;-crystallin from the guinea pig lens (Rodokanaki et al., 1989) . Total RNA was extracted from Zinnia mesophyll cells cultured for indicated periods in TE differentiation-induced medium containing 0.1 mg/L a-naphthaleneacetic acid and 1 mg/L benzyladenine. Samples (10 ng per lane) were subjected to electrophoresis on a 1.2% agarose/formaldehyde gel, transferred to nylon membranes, and then hybridized with 32 P-labeled cDNA probes of TED2, TED3, and TED4. It was checked under a UV illuminator that the amount of rRNA, which is one of the popular internal controls, was the same in each sample and that the RNA was not degraded.
The ^-crystallin is a lens-specific protein of the guinea pig constituting ~10% of the water-soluble proteins of the lens; therefore, it has been defined as a crystallin (Huang et al., 1987) . The cDNA clones encoding C-crystallin have been isolated, and it has been suggested that they have a significant similarity to those coding for enzymes of the ADH family (Rodokanaki et al., 1989) . The protein encoded by TED2 also has a marked correspondence to the ADH family, as shown in Figure 3 . Because of the similarities between t;-crystallin and ADH, -crystallin had been suspected to have some enzymatic activities, and it was finally characterized as a novel NADPH: quinone oxidoreductase . t,-Crystallin is present in small amounts in the liver and kidney (Huang et al., 1990) . Recently, its homologs were identified in human, mouse, and bovine tissue (Jornvall et al., 1993) . There has been no report of a C-crystallin-like gene in higher plants. Rao and Zigler (1992) reported that C-crystallin/NADPH:quinone oxidoreductase is catalytically functional and has the capacity to mediate the hexose monophosphate shunt-Baked with redox cycling of NADPH in vivo. Lignin biosynthesis, which is one of the most characteristic biochemical events occurring in TE differentiation, involves reactions catalyzed by oxidoreductases such as cinnamyl alcohol dehydrogenase (CAD). However, the TED2 protein does not seem to be associated with lignification, because the temporal and spatial pattern of the expression of TED2 transcripts was different from that of transcripts and activities of enzymes related to lignin biosynthesis, including PAL and CAD (Fukuda and Komamine, 1982; Lin and Northcote, 1990; Fukuda et al., 1993) . In addition, there is no sequence similarity between TED2 and CAD (Hibino et al., 1993) .
Currently, we cannot define an in vivo function for the TED2 protein. However, the two homologous genes, Gcrystallin and TED2, are both expressed restrictively in specific types of cells. Although these cell types are completely different, it does suggest that the products of these genes may play some essential role in the basic processes of differentiation both in higher plants and animals. Efforts are underway to introduce this gene into Zinnia plants to understand the function of the gene product in vascular differentiation.
TEDB Sequence
TED3 was found to encode a novel protein with an Asn-GlyTyr motif that is repeated 15 times. Most of the proteins with repeat amino acids in higher plants have been categorized into PRPs, HRGPs, and GRPs. However, the TED3 protein does not belong to these groups. It may be a novel type of cell wall protein because it has a putative signal peptide and a putative P-pleated sheet structure that enables it to anchor to cell walls (Figure 4 ). TED3 transcripts accumulated specifically in cells just before the secondary wall thickenings begin both in vitro (Figure 12 ) and in situ ( Figures 7H, 8F , 9D, 10E, and 11). These results suggest that the TED3 protein is a type of secondary wall protein specific for TEs.
Spatial and Temporal Expression of TED Transcripts
As shown in Table 1 , the expression of three TED genes was restricted to vascular cells and regulated in a temporal and spatial manner during vascular development in young Zinnia seedlings. In all organs examined, the gene encoding TED3 was expressed specifically in cells that are to differentiate or are differentiating into TEs. TED3 transcripts were localized to severa1 cells within the procambium or the immature primary xylem of the root and of the boundary region between the root and hypocotyl. TED3 transcripts were also present in those cells located next to mature vessels in the leaf veins of cotyledons. All of these cells differentiate into TEs, indicating that the expression of TED3 transcripts is specific for the process of TE differentiation and provides a novel marker specific for TE differentiation prior to morphological changes ( Figure 13 ).
TED4 transcripts accumulated in the prOGambiUm and in the immature primary xylem and phloem of the root. They accumulated mainly in the immature primary xylem and less in the immature primary phloem of vascular strands at the boundary between the root and hypocotyl. In leaf veins of cotyledons, TED4 transcripts accumulated in xylem cells at a distance a little farther from mature vessels than TED3 transcripts, and in vitro the leve1 of TED4 transcripts peaked at 48 hr of culture prior to that of TED3 transcripts. These results suggest that the expression of TED4 occurs prior to that of TEDB during 1 1 1 1 1 1 1 1 (Figure 13 ).
In contrast, TED2 transcripts accumulated substantially not only in the immature primary xylem cells but also in the immature primary phloem cells in roots and at the boundary region between the root and hypocotyl. TED2 transcripts were also expressed during the development of the young procambium of roots and in two limited sites, which may form a new vein just outside the phloem of the young main vein of cotyledons. From these observations and the finding that TED2 transcripts are expressed earlier than TED3 and TED4 transcripts during in vitro culture, we suggest that the TED2 gene is expressed at a very early stage of differentiation of procambial cells both to immature xylem cells and to immature phloem cells ( Figure 13) . Thus, the unique pattern of the accumulation does indicate that the TED2 gene will be an efficient molecular marker for investigating spatial and temporal regulation of vascular differentiation.
The gene encoding PAL is expressed in TEs both in vitro and in vivo, but expression is also observed in cells other than TEs, such as xylem parenchyma, phloem, and epidermis (Bevan et al., 1989; Liang et al., 1989) . Preliminary in situ studies using hybridization with an antisense RNA probe of PAL show that PAL transcripts accumulate in epidermal cells as well as in xylem and phloem cells of Zinnia seedlings fl. Demura and H. Fukuda, unpublished data) . Although the gene for GRP1.8 has also been regarded as a molecular marker for xylem differentiation, its expression has also been shown to be induced in other types of cells (Keller et al., 1989; Showalter, 1993) . In contrast, our data suggest that the gene for TED3 is expressed specifically in differentiating TEs and that the gene for TED4 is expressed mainly in immature xylem cells, including precursor cells of fiber, parenchyma, and TEs in young Zinnia seedlings. Moreover, the leve1 of PAL proteins and transcripts has been shown to peak during 72 to 96 hr of culture in cultured Zinnia cells (Lin and Northcote, 1990) , whereas the substantial levels of TED3 and TED4 transcripts are detected at 36 hr of culture. These results indicate that TED3 and TED4 can be efficient earlier markers for the study of xylem differentiation.
Comparison of in Vitro and in Situ Differentiation into TEs
The processes of redifferentiation of isolated Zinnia mesophyll cells into TEs are divided into early, middle, and late, which may be defined as prerestricted, restricting, and restricted processes, respectively (Fukuda, 1994) . The early process involves dedifferentiation during which isolated mesophyll cells lose their potential to function as photosynthetic cells and acquire the ability to differentiate in the new environment. The late process involves a variety of specific events for TE formation, most of which have been found in association with secondary wall thickenings and autolysis. In the middle process, cells that have dedifferentiated from mesophyll cells may restrict their potency of differentiation from pluripotency, whereby they differentiate into xylem and/or phloem cells, to a single potency for differentiating into TEs. This seems to correspond to the in situ process, whereby meristematic cells develop to TEs via procambial cells and immature xylem cells (Figure 13 ). Further extensive investigation is needed to prove this hypothesis. However, our findings clearly show that in vitro differentiation from mesophyll cells into TEs mimics the in situ development from meristematic cells into TEs. Our approach to the study of vascular cell differentiation in situ using gene probes isolated from the synchronized in vitro culture is very efficient and can be analyzed further. It can be expected to give fresh insights into the regulation mechanism of vascular differentiation.
METHODS
Plant Material and Culture Methods
Seeds of Zinnia elegans cv Canary Bird were germinated and grown in 0.8% agar at 25OC for 2 days. These 2-day-old seedlings were used for in situ hybridization. The method for the induction of tracheary element (TE) formation in vitro has been described previously Komamine, 1980, 1982; Demura and Fukuda, 1993) . In brief, mesophyll cells isolated mechanically from the first leaves of 14-dayold seedlings were cultured in TE-inducing medium containing 0.1 mglL a-naphthaleneacetic acid and 1 mglL benzyladenine. Cultured cells were collected at 12-hr intervals and used for RNA gel blot hybridization experiments.
Nucleotlde Sequenclng
Nucleotide sequencing was performed as described previously by Demura and Fukuda (1993) . The nucleotide sequences determined were compared with those contained in the European Molecular Biology Laboratory (EMBL) nucleotide sequence data base (release 31.0). Polypeptide sequences deduced from the determined nucleotide sequences were compared with those contained in the National Biomedical Research Foundation (NBRF) protein sequence data base (release 33.0).
Fixation and Sectlonlng
Two-day-old seedlings were divided into severa1 portions and fixed in asolution containing 1% (vhr) glutaraldehyde, 3% (whr) paraformaldehyde, 50 mM NaCI, and 50 mM Na-phosphate buffer (pH 7.3) at 4OC for4 hr with occasional mild degassing. The tissues were dehydrated with graded ethanol series. Ethanol was replaced by tert-butyl alcohol and then by liquid paraffin, and tissues were embedded in paraffin. Paraffin blocks containing the tissues were cut into thin (10 pm) sections, which were mounted in turn on poly-L-lysine-coated slides for hybridization with antisense or sense RNA probes of TED2 to TED4.
Preparatlon of RNA Plobes %-labeled single-stranded RNA probes were prepared using an RNA transcription kit (Stratagene Cloning Systems). The DNA templates of TED2, TED3, and TED4 that have been subcloned into the EcoRl site of pBluescript KS M13+ (Stratagene), as described previously by Demura and Fukuda (1993) , were cut with EcoRV and Smal for preparation of sense and antisense TED probes, respectively. The reactions were performed with the EcoRV-treated template and T7 polymerase or with the Smal-treated template and T3 polymerase at 37% for 30 min. After the reaction, DNase I was added into the reaction mixtures and incubated at 37OC for 15 min to remove the DNA templates. The synthesized probes were partially hydrolyzed to 200 nucleotides on the average and used for in situ hybridization experiments.
In Sltu Hybrldlzatlon
In situ hybridization was performed according to Cox and Goldberg (1988) and Schmelzer et al. (1989) with some modifications. Sections mounted on slides were dewaxed with xylene, rehydrated through graded ethanol series, masked with 1% BSA in 10 mM Tris-HCI, pH 8.0, and then treated with proteinase K to digest protein. They were incubated in 0.1 M triethanolamine, pH 8. 0, and 0.25% (vhr) acetic anhydride to acetylate any remaining positive charges in the tissues or on the slides, further reducing background. They were then dehydrated by passing through graded ethanol series containing 0.3 M ammonium acetate and dried under vacuum.
Prehybridization and hybridization solution contained 50% formamide, 300 mM NaCI, 10 mM Tris-HCI, pH 7.4, l mM EDTA, l x Denhardt's solution (0.02% Ficoll, 0.02% WP, 0.02% BSA), 250 pglmL herring sperm DNA, and 100 mM DTT. The solution of 150 pL was placed onto each slide containing the sections and incubated at 4OoC for 1 hr. The solution was then replaced with the same solution containing 10% (whr) dextran sulfate, 80 uniWmL RNase inhibitor, and %-labeled RNA probes, and the slides were hybridized for 16 hr at
4OOC.
After hybridization, the slides were washed for 1 hr in 4 x SSC (1 x SSC contains 150 mM NaCl and 15 mM sodium citrate). The unhybridized RNA probes were removed by incubation for 30 min at 37% in a solution containing 500 mM NaCI, 10 mM Tris-HCI, pH 8.0, 1 mM EDTA, and 20 pglmL RNase A. The slides were then washed with 2 x SSC and 0.1 x SSC for 1 hr each at 42% dehydrated through graded ethanol series containing 0.3 M ammonium acetate, and dried under vacuum. The slides were dipped in autoradiographic emulsion and kept desiccated in the dark at 4OC for 3 weeks before development.
After development of the emulsion, slides were stained with toluidine blue and dehydrated with graded ethanol series, and ethanol was replaced by xylene. Four drops of mounting medium (Entellan New, Merck, Japan) were placed onto each slide and then covered with coverslips, dried, and observed by fluorescent microscopy.
RNA Gel Blot Hybrldlzation
Total cellular RNA was isolated by a modification of the method of Demura and Fukuda (1993) . In brief, cells were homogenized and centrifuged. The supernatant was precipitated with ethanol, extracted with phenol-chloroform (l:l, vh), centrifuged with 0.3 M sodium acetate to remove excess polysaccharides, and then precipitated with ethanol. The pellet was dissolved in water and reprecipitated with 3 M LiCl to obtain total cellular RNA. The RNA gel blot was performed as described previously by Demura and Fukuda (1993) .
